Sulfur dioxide (SO 2 ) pollution in atmospheric environment is involved in neurotoxicity and increased risk for hospitalization and mortality of many brain disorders; however, our understanding of the mechanisms by which SO 2 caused harmful insults on neurons remains elusive. Here, we show that SO 2 exposure produced a neuronal insult, and the neurotoxic effect was likely via stimulating cyclooxygenase-2 (COX-2) elevation by activation of nuclear factorkB (NF-kB) activity and its acting on the promoter-distal NF-kBbinding site of COX-2 promoter. The action of SO 2 on elevating COX-2 ultimately appeared to be dependent on the increased production of arachidonic acid-derived prostaglandins, mainly prostaglandin E 2 (PGE 2 ), and functioning of its EP2/4 receptors. Also, the molecular modulating process might be triggered by free radical attack from SO 2 metabolism in vivo and followed by activating cyclic adenosine monophosphate/protein kinase A pathway and enhancing probability of the release of glutamate, upregulating N-methyl-D-aspartic acid receptor expression and causing neuronal apoptosis. Our results reveal a mechanistic basis for exploring an association between SO 2 inhalation and increased risk for neurological disorders and opening up therapeutic approaches of treating, ameliorating, or preventing brain injuries resulting from SO 2 exposure in atmospheric polluting environment.
Sulfur dioxide (SO 2 ) is a common air pollutant, and human exposure to SO 2 has become increasingly widespread due to the combustion of fossil fuels. Recent epidemiological studies imply that SO 2 exposure not only induced many respiratory responses (Iwasawa et al., 2009 ) but also linked with many neurological disorders, such as migraine headaches, stroke, and brain cancer (Hong et al., 2002; Kampaa and Castanas, 2008; Sang et al., 2010; Takadera et al., 2004) . Also, experimental studies indicate that SO 2 exposure enhanced oxidative stress and were responsible for DNA breaks in brains of rats and guinea pigs (Meng et al., 2004; Migliore and Coppedè, 2009) . The information implies the neurotoxicity of SO 2 and suggests the association between SO 2 inhalation in atmospheric environment and increased risk for hospitalization and mortality of neurological dysfunction.
SO 2 exists in aqueous solution at neutral pH as an equilibrium between bisulfite and sulfite ions (NaHSO 3 and Na 2 SO 3 , 3:1M/ M), which was defined as SO 2 derivatives (Meng et al., 2004; Shapiro, 1977; Shi, 1994) . Preliminary studies suggest that SO 2 derivatives changed the characteristics of voltage-gated sodium channels and potassium channels in rat hippocampal neurons (Li and Sang, 2009; Meng et al., 2004; Sang and Meng, 2003) . SO 2 inhalation stimulated the release of a number of proinflammatory factors, including interleukin-1b (Il-1b) and tumor necrosis factora (TNF-a) (Sang et al., 2008) and modulated the expression of apoptosis-related genes (p53, bax, bcl-2, c-fos, and c-jun) in rat hippocampus via its derivatives . It is postulated that SO 2 might induce the neurotoxicity via the mechanisms similar to that of cerebral ischemia, and the process might be involved in free radical-related inflammatory responses and excessive release of excito-glutamate-mediated excitotoxicity. However, its detailed mechanisms remained unclear.
Cyclooxygenases (COXs) are the rate-limiting enzymes that convert arachidonic acid (AA) to prostaglandins. Of two COX isozymes (Bazan and Flower, 2002; Vane et al., 1998) , COX-2 has become the focus of growing attention because COX-2 is an inducible enzyme and participates in the injury/inflammatory response (Vane et al., 1998) . In the brain, COX-2 is also constitutively expressed in discrete populations of neurons and enriched in the cortex and hippocampus (Yamagata et al., 1993) . Moreover, this enzyme is important to neuronal signaling and has been implicated in traumatic brain injury, stroke, and certain neurological disorders such as epilepsy and Alzheimer's disease (Bazan, 2001; Hewett et al., 2000; Ho et al., 1999; Iadecola et al., 2001; McGeer and McGeer, 2004; Nakayama et al., 1998) . Evidence suggests that COX-2 is inducible by inflammatory signals, such as cytokines and lipopolysaccharides (Cao et al., 1995) , and is involved in ischemic neuronal death. COX-2 messenger RNA (mRNA) expression is rapidly elevated in ischemic brain and persists in injured neurons (Nogawa et al., 1997) . COX-2 enzymatic products such as prostaglandin E 2 (PGE 2 ) exacerbate neuronal injury (Pasinett, 1998) , inhibit astrocytic glutamate uptake (Bezzi et al., 1998) , thus potentiating glutamate neurotoxicity (Hewett et al., 2000; Kelley et al., 1999) . Pharmacological COX-2 inhibition or gene knockout alleviate glutamate neurotoxicity (Hewett et al., 2000; Iadecola et al., 2001; Kelley et al., 1999) and reduce ischemic injury (Nakayama et al., 1998; Nogawa et al., 1997) .
In the present study, we tested the hypothesis that COX-2-mediated metabolism of AA might be an important molecular modulating process for SO 2 -induced neurotoxicity. Using primary cultured neurons and rat models, we demonstrated that SO 2 exposure produced a neuronal insult, and the effect was mediated by following pathway: free radical attack / elevating COX-2 expression / increasing release of PGE 2 and acting on EP2/EP4 receptors / activating cyclic adenosine monophosphate (cAMP)/protein kinase A (PKA) pathway and enhancing probability of the release of glutamate / upregulating N-methyl-D-aspartic acid (NMDA) receptor expression.
MATERIALS AND METHODS
Cell culture and SO 2 derivatives treatment. The hippocampus was dissected and incubated in oxygenated trypsin for 10 min at 37°C and then mechanically triturated. Cells were spun down and resuspended in Neurobasal/ B27 medium (Invitrogen, Carlsbad, CA) supplemented with 0.5mM Lglutamine, penicillin/streptomycin, and 25lM glutamate. The use of Neurobasal/B27 medium limits the growth and/or proliferation of glial cells, which means that the culture was predominantly neuronal. Cells (1 3 10 6 ) were loaded into poly-D-lysine-coated 35-mm culture dishes for following assay.
Cells were divided randomly into four equal groups: one control group incubated only in Neurobasal/B27 medium and other three groups treated with 30, 100, and 300lM SO 2 derivatives (bisulfite and sulfite, 3:1M/M). The solution of SO 2 derivatives was freshly prepared before use by dissolving mixture of Na 2 SO 3 and NaHSO 3 into Neurobasal/B27 medium. Every group was divided into three subgroups, which were incubated for 6, 12, and 24 h, separately.
To conduct the pharmacological interference studies, cells were divided randomly into different groups: one control group incubated only in Neurobasal/B27 medium and the other groups treated with 100lM SO 2 derivatives for 24 h in the absence and presence of antioxidant agents, Vc (500lM), and Ve (100lM); COX-2 inhibitor, NS398 (20lM), and silencing COX-2 expression by small hairpin RNA (shRNA); COX-1 inhibitor and SC-560 (10lM); EP2 and EP4 antagonists, AH6809 (20lM), and AH28348 (30lM); PKA inhibitors, H89 (1lM), and KT5720 (1lM); and NMDA receptor inhibitors, MK-801 (10lM) and DL-2-amino-5-phosphonovaleric acid (D-APV) (25lM).
Experimental animals and exposure treatments. Male Wistar rats, weighing 180-200 g (about 2 months old), were purchased from Center of Experimental Animal of Hebei Province and used according to the guidelines approved by the Institutional Animal Care and Use Committee of Shanxi University. The rats were divided randomly into four equal groups of six animals each. Three groups were placed in 1-m 3 exposure chambers containing continuous concentrations of 7.00 ± 0.67, 14.00 ± 0.89, and 28.00 ± 4.12 mg/m 3 SO 2 for 6 h/day (8:00 A.M. to 14:00 P.M.) for 7 days, respectively; whereas control group was placed in another identical chamber, which was continually pumped with filtered air for the same period of time.
To applying blockers in vivo, the rats were randomly divided into another four equal groups of eight animals each. The first group (NS398 and SO 2 ) was ip injected with NS398 (3 mg/kg bw/day) and then exposed to SO 2 (14.00 ± 0.59 mg/m 3 ) 1.5 h after injection for 6 h/day for 7 days. The second group (dimethyl sulfoxide [DMSO] and SO 2 ) was ip injected with same amount of DMSO and then exposed to SO 2 using same protocol. The vehicle control group was ip injected with same amount of DMSO and then was placed in another identical chamber 1.5 h after injection, which was continually pumped with filtered air for the same period of time. The forth group (NS398) was ip injected with NS398 (3 mg/kg bw/day) and then exposed to filtered air using the protocol of the vehicle control group. Rats were killed 18 h after the last exposure, and the hippocampus were excised, quickly frozen in liquid nitrogen, and stored at À80°C.
Protein isolation and immunoblot analysis. Proteins were extracted from hippocampal tissues or hippocampal neurons in cultures in ice-cold lysis buffer. Protein concentrations were determined by bicinchoninic acid assay to ensure equal loading for assessment by SDS-polyacrylamide gel electrophoresis (PAGE). Briefly, 50 lg total protein was separated by SDS-PAGE, transferred to a nitrocellulose membrane, and blocked with 5% nonfat milk. Blocked membranes were incubated in either rabbit polyclonal antibodies specific for rat caspase-3 and cleaved caspase-3 (Cell signaling), rabbit polyclonal antibodies specific for rat EP2, EP4, and NMDAR2B (Cayman), goat polyclonal antibodies specific for rat COX-2 (Cayman), or mouse monoclonal antibodies for b-actin (Oncogene) at a concentration of 1:1000 (for NMDAR2B, caspase-3, cleaved caspase-3, COX-2, EP2, and EP4) or 1:5000 (for b-actin) at 4°C overnight. Exposure to fluorescently labeled secondary antibody (1:2000) (IRDye 800CW goat anti-rabbit IgG (H þ L), LI-COR) was followed by scanning and detecting with LI-COR Odyssey Infrared Fluorescent System. Cytotoxicity assays. We used DeadEnd Fluorometric TUNEL system kit (Promega, Madison, WI) to assess the injured or dead neurons. SO 2 derivatives (100lM) were added into culture dishes for 24 h in the absence and presence of COX-2 inhibitor, NS398 (20lM). The terminal transferase dUTP nick-end labeling (TUNEL)-stained cultures also stained with 4#,6-diamidino-2-phenylindole (DAPI) were imaged using a Zeiss-inverted deconvolution microscope (Oberkochen, Baden-Wuerttemberg, Germany) with Slidebook 4.1 software (Intelligent Imaging Innovations, Denver, CO). Two to three fields (120-150 cells per field) were randomly chosen from each coverslip. The experiments were repeated for three to four times under the same conditions. We used Image J software (NIH, Bethesda, MD) to count DAPI-positive cells, whereas TUNEL-positive cells were counted manually. The percentage of injured neurons was calculated as number of TUNELpositive cells divided by number of DAPI-positive cells. The activation of caspase-3 was detected using Western immunoblot technique.
Small interfering RNAs for silencing rat COX-2 expression. Small interfering RNAs (siRNAs) targeting the rat COX-2 gene were designed. The optimal sequence of siRNA against rat COX-2 (5#-CCAAGACAGCCAC-CATCAA-3#) was cloned into the plasmid pGCL-GFP, which encodes an HIVderived lentiviral vector containing the U6 promoter for the expression of shRNA and the ubiquitin promoter-eGFP fluorescent protein (marker gene). These were generated by inserting annealed oligonucleotides into GeneSilencer shRNA lentiviral vectors between the HpaI and XhoI restriction sites (Shanghai GeneChem, Co. Ltd, China). The resultant lentiviral vector containing rat COX-2 shRNA was named COX-2-RNAi lentivirus, and its sequence was confirmed by PCR and sequencing analysis. A negative control lentiviral vector containing negative control (NC) shRNA was constructed by a similar process (NC lentivirus, 5#-TTCTCCGAACGTGTCACGT-3#). Hippocampal neurons (2 3 10 5 ) from rat P1 pups were infected with COX-2-RNAi lentivirus by addition of lentivirus into the neuronal culture at multiplicity of infection of approximately 10 on 8 days in vitro. The controls were infected with NC lentivirus.
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Reverse transcription and real-time reverse transcription PCR. Firststrand complementary DNA (cDNA) was synthesized according to the manufacturer's instruction of reverse transcription kit (TOYOBO, Japan). The cDNA product was stored at À20°C until use. Each 20 ll PCR reaction contained 1 ll cDNA, 2 ll PCR buffer, 3.5mM MgCl2, 0.2mM of each deoxynucleotide triphosphate, 500nM each primer, 200nM TaqMan probe, and 1 U/20 ll Taq DNA polymerase. The sequences of primer and probes used were as follows: COX-2 (NM_017232), sense: 5#-AAATCGGGAGTTG-GAATCACTTTC-3#, antisense: 5#-CCATCGTTTAGGACAGAAATCAC-3#, TaqMan probe: 5#-FAMTCCGCCACCTTCCTACGCCAGCATAMRA-3#; microsomal prostaglandin E synthases (mPGES)-1 (NM_017008), sense: 5#-GCTTTGACCAACCGCTAA-3#, antisense: 5#-AGGAGGACTCTGGAGG-GA-3#, TaqMan probe: 5#-FAM-TTGAAGATGCCAAACATCTACTCCT-TAMRA-3#; mPGES-2 (NM_017232), sense: 5#-CAGGTGGTAGAGGT-GAATC-3#, antisense: 5#-GCACTAATGATGACTGAGGA-3#, TaqMan probe: 5#-FAM-CCGAGATTAAATTCTCCTCCTACAGGATAMRA-3#; cytosolic prostaglandin E synthases (cPGES) (NM_017008), sense: 5#-CCGTC-CTCGCGCCCCTTTTCCTAC-3#, antisense: 5#-CTGGCGGCGGCTGGCGA-GTC-3#, TaqMan probe: 5#-FAM-ACTTTCCTCCTCTCCCGGGCTGA-TAMRA-3#; and b-actin (NM_017008), sense: 5#-GCCCTAGACTTC-GAGCAAGAG-3#, antisense: 5#-AGCACTGTGTTGGCATAGAGGT-3#, TaqMan probe: 5#-FAMCCACTGCCGCATCCTCTTCCTCCCTTAMRA-3#. Each treatment had four samples in vitro and six samples in vivo, and each PCR reaction carried out in duplicate. Reactions were run on a Rotor-Gene 3000 Real-Time Thermal Cycler (Corbett Research, Australia). Cycling conditions were as follows: 3 min at 95°C, 55 cycles of 20 s at 94°C, 20 s at 55°C, and 20 s at 72°C. Fluorescence data were acquired at the 72°C step. The threshold cycle (Ct) was calculated by the Rotor-gene 6.0 software to indicate significant fluorescence signals above noise during the early cycles of amplification. Quantification of the samples by the software was calculated from Ct by interpolation from the standard curve to yield copy numbers for the target samples. The relative quantification of the expression of the target genes was measured using b-actin mRNA as an internal control. The copy numbers of target gene b-actin mRNA was measured in all samples.
Measurement of PGs and cAMP levels. ELISA was used to assess the concentration of PGs and cAMP secreted from primary cultured hippocampal neurons and rat hippocampi, using enzyme immunoassay kit (Cayman Chemical Company, Ann Arbor, MI).
Determination of free radical damage using OxyBlot assay. Prior to SDS-PAGE gel analysis, samples (15 lg per lane) used for OxyBlot determination were prepared as the manufacturer's instructions (OxyBlot Kit; Chemicon). Samples were then loaded onto 12% tris glycine polyacrylamide gels and proteins were separated by electrophoresis. Standard molecular weight markers were also loaded onto gels to permit approximation of protein band molecular weights. After electrophoresis, proteins were transferred to nitrocellulose membranes and incubated overnight at 4°C with antibodies to targeted proteins (anti-DNP antibody for OxyBlot determination; Chemicon). Exposure to fluorescently labeled secondary antibody (1:2000) (IRDye 800CW goat anti-rabbit IgG (H þ L), LI-COR) was followed by scanning and detecting with LI-COR Odyssey Infrared Fluorescent System. Statistical analysis. Results were expressed as mean ± SE. Unless stated otherwise, one-way ANOVA test was used for statistical comparison when appropriate, using StatView Software. Results presented were representative, and those with p-values <0.05 were considered significant.
RESULTS

Elevated COX-2 Expression Participates in SO 2 DerivativesInduced Neurotoxicity
To determine whether SO 2 derivatives caused neurotoxicity and whether the elevation of COX-2 expression contributed to the process, we first analyzed COX-2 protein level and caspase-3 activation, an apoptotic marker, in a mixed culture of hippocampal neurons and astroglial cells treated with SO 2 derivatives. As shown in Figures 1a and 1b, COX-2 expression, but not COX-1, significantly elevated as functions of SO 2 derivatives concentration and treatment time. Also, cleavage of caspase-3 was induced, and the most obvious effect occurred after 12-to 24-h treatment (Fig. 1c) . Then, we further observed that caspase-3 activation resulting from SO 2 derivatives treatment for 24 h was significantly reduced by NS398 (Fig. 1d) , and the result was confirmed by terminal TUNEL staining assay (Fig. 2) . Considering the nonspecificity of the inhibitor in the used cellular model, we applied shRNA to primary hippocampal neurons in culture to silence COX-2 gene expression (Supplementary figure 1) . As indicated in Figure 1d , application of SO 2 derivatives did not induce obvious cleavage of caspase-3 in neurons transfected with the COX-2-RNAi lentiviral, whereas the chemicals enhanced caspase-3 activation in neurons transfected with the NC negative control lentiviral. The data clearly demonstrate that SO 2 derivatives produced a neuronal insult, and the neurotoxic effect was likely via stimulating COX-2 elevation.
SO 2 Derivative Upregulated COX-2 Expression Involves
Activation of Nuclear Factor-jB Activity and Its Acting on the Promoter-Distal Nuclear Factor-jB-Binding Site of COX-2 Promoter
Previous studies have identified the neuronal COX-2 as an nuclear factor-jB (NF-jB) target gene, and electrophoretic mobility shift analysis and mutational analysis conferred the regulatory NF-jB activity to the promoter-distal jB site in the human COX-2 promoter (Kaltschmidt et al., 2002) . To clarify the molecular mechanism by which SO 2 upregulated COX-2 expression, we tested NF-jB activity in a mixed culture of hippocampal neurons and astroglial cells in the absence and presence of SO 2 derivatives. Compared with negative control, SO 2 derivatives increased NF-jB activity with concentration-and time-dependent properties, and the most obvious effect was observed after 12-h treatment (Fig. 3) . It implies that SO 2 upregulated COX-2 expression might involve activation of NFjB activity and its acting on the promoter-distal NF-jB-binding site of COX-2 promoter.
PGE 2 Contributes to SO 2 Derivatives-Induced Neurotoxicity via Its EP2/4 Receptors To test whether there is a change in synthesis of prostaglandins and which plays the important role in neurons treated with SO 2 derivatives, we measured Prostaglandin (PGD 2 ), PGF 2a , and PGI 2 content in medium from a mixed culture of hippocampal neurons and astroglial cells treated with SO 2 derivatives. As indicated in Figures 4a-4d , SO 2 derivatives significantly elevated PGE 2 content in a concentrationdependent manner. However, the chemicals slightly modulated PGD 2 , PGI 2 , and PGF 2a level, except PGD 2 at 100 and 300lM 402 SANG ET AL.
FIG. 1.
Elevated COX-2 expression participates in SO 2 derivatives caused neurotoxicity. (a1) SO 2 derivatives elevated COX-2 expression in primary cultured hippocampal neurons. Hippocampal neurons were treated with SO 2 derivatives, and COX-2 protein level was detected 6, 12, and 24 h after treatments. (a2) Quantifications of COX-2 expression in primary cultured hippocampal neurons. (b1) SO 2 derivatives affected COX-1 expression in primary cultured hippocampal neurons. Hippocampal neurons were treated with SO 2 derivatives, and COX-1 protein level was detected 6, 12, and 24 h after treatments. (b2) Quantifications of COX-1 expression in primary cultured hippocampal neurons. (c1) SO 2 derivatives induced the cleavage of caspase-3 in primary cultured hippocampal neurons. Hippocampal neurons were treated with SO 2 derivatives, and cleavage of caspase-3 was detected 6, 12, and 24 h after treatments. (c2) Quantifications of caspase-3 activation in primary cultured hippocampal neurons. (d1) NS398 and silencing COX-2 gene expression by shRNA prevented SO 2 derivative-induced caspase-3 activation in primary cultured hippocampal neurons. The culture was treated with SO 2 derivatives in the absence and presence of NS398 (20lM) or silencing COX-2 gene expression by shRNA, and cleavage of caspase-3 was assayed 24 h after treatments. (d2) Quantifications of caspase-3 activation in primary cultured hippocampal neurons treated with SO 2 derivatives in the absence and presence of NS398 or silencing COX-2 gene expression by shRNA. Value in each treated group was expressed as a relative change compared with mean value in vehicle control group, which has been ascribed as an arbitrary value of 1. Results are from three independent cultures with duplicate wells, and data are expressed as means ± SE (n ¼ 3). *p < 0.05, **p < 0.01, ***p < 0.001 versus negative control group and #p < 0.05, ##p < 0.01 versus only SO 2 derivatives treatment group. SO 2 INHALATION EXPOSURE AND COX-2 SIGNALING PATHWAY 403 for 24-h treatment. Interestingly, COX-2 inhibitor, NS398, significantly reduced the enhancement of PGE 2 after SO 2 derivatives exposure, whereas it had little effect on changes of PGD 2 , PGI 2 , and PGF 2a (Fig. 4e) . To further clarify that SO 2 derivative-induced production of PGE 2 was COX-2 dependent or COX-1 dependent or both, we detected PGE 2 again in the absence and presence of SO 2 in culture treated with and without COX-2 inhibitor (NS398) and COX-1 inhibitor (SC-560) and then determined PGE 2 in the presence of SO 2 in culture treated with NS398 and SC-560 plus NS398. As shown in Figure 4f , basal PGE 2 level was inhibited by SC-560 but not NS398. However, SO 2 -induced increase in PGE 2 formation was blocked by NS398, and the level was statistically further decreased in the presence of SC-560 plus NS398. The data provide evidence that basal PGE 2 came from COX-1 pathway and inducible PGE 2 derived mainly from the COX-2 pathway played important role in SO 2 derivativeinduced neurotoxicity.
Among four subtypes of PGE 2 receptors (EP1-4) cloned (Breyer et al., 2001 ), EP2 and EP4 mediate PGE 2 signaling in inflammation and synaptic plasticity. Therefore, we analyzed their expression before and after SO 2 derivatives treatment. The results indicate that SO 2 derivatives upregulated the expression of EP2 and EP4 receptors in a concentration-dependent manner (Figs. 5a and 5b) , and NS398 pretreatment significantly reversed the change (Fig. 5c ). It suggests that SO 2 derivatives-induced neurotoxicity via elevating COX-2 expression was likely attributed to the increased production of AA-derived PGE 2 and functioning of its EP2/EP4 receptors.
Because EP2 and EP4 couple with the G protein-mediated adenylyl cyclase-cAMP (Gs-AC-cAMP) pathway and mediate increase in intracellular cAMP, we further determined cAMP level. Figure 5d shows that SO 2 derivatives at 100lM significantly elevated cAMP content, and the action was statistically attenuated by pretreating with NS398. Hippocampal neurons in culture were treated with SO 2 derivatives (100lM) for 24 h in the absence and presence of NS398 (20lM), and TUNEL images were performed after treatment. ***p < 0.001 versus control group and #p < 0.05 versus only SO 2 derivatives treatment group.
FIG. 3.
SO 2 derivatives upregulated COX-2 expression involves activation of NF-jB activity. (a) SO 2 derivatives activated NF-jB activity in primary cultured hippocampal neurons. Hippocampal neurons were treated with SO 2 derivatives, and NF-jB activation was detected 6, 12, and 24 h after treatments. (b) Quantifications of NF-jB activation in primary cultured hippocampal neurons. Value in each treated group was expressed as a fold increase compared with mean value in vehicle control group, which has been ascribed as an arbitrary value of 1. Results are from three independent cultures with duplicate wells, and data are expressed as means ± SE (n ¼ 3). *p < 0.05, **p < 0.01, ***p < 0.001 versus negative control group.
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Signaling Pathway Involved in SO 2 Derivatives-Caused Neurotoxicity To examine possible signal transduction mechanisms underlying SO 2 derivatives-induced neurotoxicity, we first probed cleavage of caspase-3 in a mixed culture of hippocampal neurons and astroglial cells treated with SO 2 derivatives in the absence and presence of antioxidant agents, COX-2 inhibitors, EP2 and EP4 antagonists, PKA inhibitors, and NMDA receptor inhibitors. As seen in Figure 6a , the cleavage of caspase-3 was induced by 100lM SO 2 derivatives for 24-h treatment, and the action was statistically reduced by all blockers.
To further explore the upstream and downstream in the signaling pathway, we further examined COX-2 protein level, PGE 2 content, EP2/EP4 receptor expression, cAMP level, and activation of NMDA receptors in a mixed culture of hippocampal neurons and astroglial cells treated with SO 2 derivatives in the absence and presence of above blockers. COX-2 protein level elevated after the treatment of 100lM SO 2 derivatives for 24 h, and antioxidant agents and COX-2 inhibitors statistically decreased the enhancement but not EP2/4 antagonists, PKA inhibitors, and NMDA receptor inhibitors (Fig. 6b) . PGE 2 content increased after SO 2 derivatives exposure; however, not as expected, the action was statistically attenuated after applying above blockers, except EP2/4 antagonists (Fig. 7a) . EP2/EP4 receptor expression upregulated and cAMP level increased after applying SO 2 derivatives, and antioxidant agents, COX-2 inhibitors, and EP2/4 antagonists significantly reduced the action but not PKA inhibitors and NMDA receptor inhibitors (Figs. 7b and 7c) . Also, NMDA receptors (NR2B subunit) were activated by SO 2 derivatives, and the FIG. 4. SO 2 derivatives-induced neurotoxicity via elevating COX-2 expression is ultimately dependent on the amount of PGE 2 synthesized from AA oxidation. (a-d) Quantifications of prostaglandins in primary cultured hippocampal neurons. Hippocampal neurons were treated with SO 2 derivatives at various concentrations, and the levels of PGE 2 , PGD 2 , PGI 2 and PGF 2a in medium were detected 6, 12, and 24 h after treatments. (e) Quantifications of prostaglandin contents in medium of primary cultured neurons treated with SO 2 derivatives in the absence and presence of NS398. The culture was treated with SO 2 derivatives in the absence and presence of NS398 (20lM), and prostaglandin contents were assayed 24 h after treatment. (f) Quantification of PGE 2 content in the absence of SO 2 derivatives in culture treated with and without COX-1 inhibitor (SC-560, 10lM) and COX-2 inhibitor (NS398, 20lM), and in the presence of SO 2 in culture treated with NS398 and SC-560 plus NS398. Hippocampal neurons were treated with different conditions, and PGE 2 content in medium was detected 24 h after treatments. Value in each treated group was expressed as a fold increase compared with mean value in vehicle control group, which has been ascribed as an arbitrary value of 1. Results are from three independent cultures with duplicate wells, and data are expressed as means ± SE (n ¼ 3). *p < 0.05, **p < 0.01, ***p < 0.001 versus negative control group; ###p < 0.001 versus only SO 2 derivatives treatment group; and aa p < 0.01, aaa p < 0.001 versus negative control group, bb p < 0.001 versus only SO 2 derivatives treatment group, c p < 0.05 versus NS398 plus SO 2 derivatives treatment group. SO 2 INHALATION EXPOSURE AND COX-2 SIGNALING PATHWAY effect was statistically abolished after applying above inhibitors or antagonists (Fig. 7d) . These data clearly demonstrate that SO 2 derivatives produced neuronal insult, and the effect was mediated by following pathway: free radical attack / elevating COX-2 expression / increasing release of PGE 2 and acting on EP2/EP4 receptors / FIG. 5. Functioning of PGE 2 EP2/EP4 receptors is involved in SO 2 derivatives caused neuronal injury. (a1) SO 2 derivatives upregulated EP2 receptor expression in primary cultured hippocampal neurons. Hippocampal neurons were treated with SO 2 derivatives at various concentrations, and EP2 expression was detected 24 h after treatments. (a2) Quantifications of EP2 expression in hippocampal neurons treated with SO 2 derivatives. (b1) SO 2 derivatives increased EP4 receptor expression in primary cultured hippocampal neurons. Hippocampal neurons were treated with SO 2 derivatives at various concentrations, and EP4 expression was detected 24 h after treatments. (b2) Quantifications of EP4 expression in hippocampal neurons treated with SO 2 derivatives. (c1) NS398 reduced SO 2 derivative-induced EP2/EP4 expression in primary cultured hippocampal neurons. The culture was treated with SO 2 derivatives in the absence and presence of NS398 (20lM), and EP2/EP4 expressions were assayed 24 h after treatments. (c2) Quantifications of EP2/EP4 expression in the cultures treated with SO 2 derivatives in the absence and presence of NS398. (d) Quantifications of cAMP level in medium from primary cultured neurons treated with SO 2 derivatives in the absence and presence of NS398 (20lM). Value in each treated group was expressed as a fold increase compared with mean value in vehicle control group, which has been ascribed as an arbitrary value of 1. Results are from three independent cultures with duplicate wells, and data are expressed as means ± SE (n ¼ 3). Abbreviations: þ, with; À, without. *p < 0.05, **p < 0.01, ***p < 0.001 versus negative control group and ### p < 0.001 versus only SO 2 derivatives treatment group. activating cAMP/PKA pathway and enhancing probability of the release of glutamate / upregulating NMDA receptor expression.
COX-2-Derived PGE 2 Plays Important Role in SO 2
Inhalation-Caused Neuronal Insults
To confirm above insults induced by SO 2 in vivo, we treated Wistar rats with SO 2 at various concentrations. Compared with control group, SO 2 exposure caused the free radical damage via its derivatives (Supplementary figure 2) and increased NF-jB activity and upregulated COX-2 expression but not COX-1 (Figs. 8a and 8b) . Accordingly, PGE 2 content statistically augmented after SO 2 treatment at higher concentrations (Fig.  8c) , which was certificated by potentiated expression of mPGES-1 but not cPGES and only slightly increased mPGES-2 (Supplementary figure 3) . Interestingly, EP2/EP4 receptor expression significantly enhanced with the increase of exposure concentration, and the action was accompanied with the increase of cAMP level (Figs. 8d and 8e ). As expected, NR2B receptor expression was activated and neuronal injuries were observed (Figs. 8f and 8g) . FIG. 6 . SO 2 derivatives-induced neurotoxicity and COX-2 expression in the absence or presence of interferences. (a1) Cleavage of caspase-3 caused by SO 2 derivatives was reduced by blockers or inhibitors in primary cultured hippocampal neurons. (a2) Quantifications of caspase-3 activation in the culture treated with SO 2 derivatives in the absence and presence of blockers. (b1) SO 2 derivatives-induced COX-2 protein expression was reversed by antioxidant agents and COX-2 inhibitors but not EP2/EP4 antagonists, PKA inhibitors, and NMDA receptor inhibitors in primary cultured hippocampal neurons. (b2) Quantifications of COX-2 expression in the culture treated with SO 2 derivatives in the absence and presence of blockers. The culture was treated with SO 2 derivatives (100lM) in the absence and presence of antioxidant agents, Vc (500lM) and Ve (100lM); COX-2 inhibitor, NS398 (20lM), and silencing COX-2 expression by shRNA; EP2 and EP4 antagonists, AH6809 (20lM) and AH28348 (30lM), PKA inhibitors, H89 (1lM) and KT5720 (1lM), and NMDA receptor inhibitors, MK-801 (10lM) and APV (25lM), and cleavage of caspase-3 and COX-2 expression were assayed 24 h after treatments. Value in each treated group was expressed as a fold increase compared with mean value in vehicle control group, which has been ascribed as an arbitrary value of 1. Results are from three independent cultures with duplicate wells, and data are expressed as means ± SE (n ¼ 3). Abbreviations: þ, with; À, without. *p < 0.05, **p < 0.01 versus negative control group, #p < 0.05, ##p < 0.01, ###p < 0.001 versus only SO 2 derivatives treatment group.
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These data confirm that increased expression of COX-2 and mPGES-1 enhanced the synthesis of PGE 2 , which, after released, acted on the presynaptic EP2/EP4 receptor to stimulate the release of the neurotransmitter and induce neurotoxicity. To validate the results, the rats were ip injected with NS398 (3 mg/kg bw/day) and then exposed to SO 2 (14 mg/m 3 ) for 6 h/day for 7 days. As shown in Figure 9 , compared with vehicle group, SO 2 exposure enhanced COX-2 protein level, PGE 2 content, EP2/EP4 receptor expression, cAMP level, NR2B expression, and activation of caspase-3. Interestingly, NS398 alone did not induce significant changes in COX-2 protein level, PGE 2 content, EP2/EP4 receptor activation, cAMP level, NR2B expression, and activation of caspase-3 (data not shown), but NS398 pretreatment before inhalation exposure statistically inhibited SO 2 -induced elevations of above targets.
DISCUSSION
SO 2 -induced toxicity on organisms may involve the formation of sulfur-and oxygen-centered free radicals during the process of SO 2 derivatives oxidation (Shi, 1994) . Here, we applied OxyBlot assay, and further confirmed the free radical damage resulting from SO 2 inhalation via its derivatives (Supplementary figure 2) . It is reported that free radicals trigger (100lM) in the absence and presence of antioxidant agents (Vc and Ve), COX-2 inhibitors (NS398 and silencing COX-2 expression by shRNA), EP2 and EP4 antagonists (AH6809 and AH28348), PKA inhibitors (H89 and KT5720), and NMDA receptor inhibitors (MK-801 and APV), and PGE 2 and cAMP content in medium, EP2/ EP4 expression, and NR2B expression were assayed 24 h after treatment. Value in each treated group was expressed as a fold increase compared with mean value in vehicle control group, which has been ascribed as an arbitrary value of 1. Results are from three independent cultures with duplicate wells, and data are expressed as means ± SE (n ¼ 3). Abbreviations: þ, with; À, without. *p < 0.05, **p < 0.01 versus negative control group, #p < 0.05, ##p < 0.01, ###p < 0.001 versus only SO 2 derivatives treatment group. the expression of a number of proinflammatory genes and produce mediators of inflammation by injured brain cells (Ulrich et al., 1999) . Our previous studies show that SO 2 inhalation increased the levels of Il-1b and TNF-a in rat brain (Sang et al., 2008) , and SO 2 derivatives might cause excitatory insults in rat hippocampal neurons by modulating the characteristics of voltage-gated channels. Whereas, Il-1b potentiated COX-2 mRNA expression and enhanced the frequency and amplitude of miniature excitatory postsynaptic currents in primary cultured hippocampal neurons (Sang et al., 2005) , which suggesting an alteration in postsynaptic glutamate trafficking and increase in the expression of postsynaptic glutamate receptors. Thus, it is postulated that COX-2-mediated response might participate in SO 2 -induced neurotoxicity. To test the possibility, we first examined SO 2 derivativesinduced COX-2 expression and cleavage of caspase-3 in primary cultured hippocampal neurons in the absence and presence of NS398, a selective COX-2 inhibitor Chen et al., 2002) . Interestingly, we found that COX-2 expression robustly elevated, and cleavage of caspase-3 was induced in the present study; especially, caspase-3 activation was reduced by NS398. Also, we observed elimination of SO 2 derivatives-induced caspase-3 activation by silencing COX-2 gene expression using shRNA. These data clearly demonstrate that SO 2 produced a neuronal insult, and the neurotoxic effect was likely via stimulating COX-2 elevation.
The roles of COX-2 in neurotoxicity and degenerative processes have been extensively studied (Dubois et al., 1998; Hewett et al., 2000; Kelley et al., 1999; Miettinen et al., 1997; Pasinetti, 2001) . Increased expression of COX-2 may contribute to cell death of pyramidal cells of the hippocampus as a consequence of limbic seizures (Kunz and Oliw, 2001 ). Overexpression of COX-2 has been shown to augment neurotoxicity in transgenic mice . COX-2 is responsible for NMDA-induced excitotoxic neuronal injury (Kelley et al., 1999) , whereas the susceptibility to NMDA-mediated neurotoxicity is reduced in mice deficient in COX-2 (Hewett et al., 2000) . Genetic disruption of COX-2 reduces brain injury after focal cerebral ischemia in COX-2-null mice (Hewett et al., 2000; Sasaki et al., 2004) . The protection exerted by COX-2 inhibition is counteracted by a stable analog of PGE 2 Hewett et al., 2000) . Using neocortical neuronal-glial cultures, studies indicate that the endotoxin lipopolysaccharide (LPS) elevates the COX-2 reaction product PGE 2 and produces neuronal death. The COX-2 inhibitor NS398 blocks PGE 2 production and markedly ameliorates LPS-induced neuronal damage . These findings directly implicate that COX-2-mediated neurodegenerative processes appear to result from an elevated PGE 2 level from the initial conversion of AA Ho et al., 1999; Nakayama et al., 1998; Takadera et al., 2004 ). The present study shows that SO 2 exposure significantly elevated PGE 2 in a concentration-dependent manner but slightly elevated PGD 2 , PGF 2a, and PGI 2 . Also, NS398 significantly reduced the level of PGE 2 , whereas it had little effect on other prostaglandins.
Prostaglandins are not thought to be classic neurotransmitters and are neither stored in nor secreted from synaptic vesicles. Once synthesized, they diffuse rapidly and activate their specific membrane receptors. It is evident that COX-2 regulates PGE 2 signaling in synaptic plasticity and cognitive function; nevertheless, the action of this signaling process is confined to the amount of PGE 2 synthesized and the functioning of PGE 2 receptors (EPs). These EPs have sevenhydrophobictransmembrane segment architecture typical of Gprotein-coupled receptors, but each is encoded by distinct genes and evokes cellar response via distinct signaling cascades (Breyer et al., 2001; Zhu et al., 2005) . EP1 receptors couple with the Gq-PLCIP 3 and protein kinase C (PKC) pathway, and activation of EP1 results in a release of intracellular Ca 2þ from inositol trisphosphate (IP3) stores. EP2 and EP4 couple with the Gs-AC-cAMP pathway and mediate increase in intracellular cAMP, whereas EP3 couples a pertussis toxin-sensitive Gi-coupled mechanism and reduces cAMP. In rat spinal dorsal horn neurons, PGE 2 -induced increase in membrane excitability and inhibition of glycinergic neurotransmission are mediated via postsynaptic EP2-like receptors (Ahmadi et al., 2002) . Following this, it is evident that PGE 2 functions as a retrograde messenger in hippocampal   FIG. 8 . SO 2 inhalation-caused neuronal insults involve in NF-jB activation, elevated COX-2 expression, increased release of PGE 2 and acting on EP2/EP4 receptors, and following cascade pathway. (a1) SO 2 increased NF-jB activity in rat hippocampus. (a2) Quantifications of NF-jB expression in hippocampus of rats exposed to SO 2 at various concentrations. (a3) Quantifications of p-NF-jB expression in hippocampus of rats exposed to SO 2 at various concentrations. (b1) SO 2 increased COX-2 expression but not COX-1 in rat hippocampus. (b2) Quantifications of COX-2 expression in hippocampus of rats exposed to SO 2 . (b3) Quantifications of COX-1 expression in hippocampus of rats exposed to SO 2 . (c) Quantifications of PGE 2 content in hippocampus of rats exposed to SO 2 at various concentrations. (d1) SO 2 enhanced EP2/EP4 expression in rat hippocampus. (d2) Quantifications of EP2 expression in hippocampus of rats exposed to SO 2 at various concentrations. (d3) Quantifications of EP4 expression in hippocampus of rats exposed to SO 2 at various concentrations. (e) Quantifications of cAMP level in hippocampus of rats exposed to SO 2 at various concentrations. (f1) SO 2 upregulated NR2B receptor expression in rat hippocampus. (f2) Quantifications of NR2B receptor expression in hippocampus of rats exposed to SO 2 at various concentrations. (g1) SO 2 induced the cleavage of caspase-3 in rat hippocampus. (g2) Quantifications of cleavage of caspase-3 expression in hippocampus of rats exposed to SO 2 at various concentrations. Male Wistar rats were exposed to 7, 14, and 28 mg/m 3 SO 2 for 6 h/day for 7 days, respectively, and control group was exposed to filtered air using the same schedule. Hippocampus was isolated, and NF-jB activity, COX-2 protein level, PGE 2 content, EP2/EP4 receptor expression, cAMP level, NMDA receptor expression (NR2B subunit), and activation of caspase-3 were determined. Value in each treated group was expressed as a fold increase compared with mean value in control group, which has been ascribed as an arbitrary value of 1. Data are expressed as means ± SE (n ¼ 6); *p <0.05, **p <0.01, ***p <0.001 versus negative control. 410 SANG ET AL.
FIG. 9.
COX-2-derived PGE 2 plays important role in SO 2 inhalation-caused neuronal insults via EP2/4 receptors and following cascade pathway in rat hippocampus. (a1) NS398 reduced SO 2 -induced COX-2 expression in rat hippocampus. (a2) Quantifications of COX-2 expression in hippocampus of rats exposed to vehicle control group, DMSO and SO 2 group, and NS398 and SO 2 group. (b) Quantifications of PGE 2 content in hippocampus of rats exposed to vehicle control SO 2 INHALATION EXPOSURE AND COX-2 SIGNALING PATHWAY 411 synaptic signaling via a presynaptic EP2 receptor but not EP1, EP3, and EP4 receptors (Sang et al., 2005) . Also, PGE 2 induced caspase-dependent apoptosis possibly through activation of EP2 receptors in cultured hippocampal neurons (Takadera et al., 2004) . However, the role of EP4 in mediating PGE 2 signaling in activity-dependent events cannot be excluded, such as occur in inflammation and synaptic plasticity. Therefore, here, we first tested EP2 and EP4 receptor expression before and after SO 2 derivatives treatment and found that the chemical upregulated the protein level of EP2 and EP4 receptors with a concentration-dependent property and NS398 significantly reduced the action. Furthermore, the results were further certificated by the data from rat inhalation model of SO 2 . The information suggests that SO 2 -induced neurotoxicity via elevating COX-2 expression is ultimately dependent on the amount of PGE 2 synthesized from AA oxidation and functioning of its EP2/ EP4 receptors.
Because EP2 and EP4 couple with the Gs-AC-cAMP pathway and mediate increase in intracellular cAMP (Breyer et al., 2001; Zhu et al., 2005) , activation of the presynaptic EP2/4 receptors increases the levels of cAMP and PKA in presynaptic terminals and leads to the enhanced probability of the release of the neurotransmitter glutamate. Following this, an influx of Ca 2þ is increased through the postsynaptic NMDA receptor and neuronal injuries occur. Here, we first show that SO 2 exposure induced excitotoxicity in hippocampus, and the insults were involved in elevating COX-2 expression, increasing release of PGE 2 and acting on its EP2 and EP4 receptor, activating cAMP/PKA pathway and enhancing probability of the release of glutamate, upregulating NMDA receptor expression and over-influx of Ca 2þ and inducing the occurrence of apoptosis. To prove that the changes in COX-2 and PGE 2 levels actually mediate the neurotoxic effects in question, we examined the effects in vivo after NS398 was ip injected 1.5 h before inhalation exposure. As expected, NS398 statistically inhibited SO 2 -induced elevations, which implicates that SO 2 inhalation-caused neuronal insult involves in elevating COX-2 expression, increasing release of PGE 2 and acting on EP2/EP4 receptors, and following cascade pathway.
To further explore the upstream and downstream and find the possible signaling pathway, we further examined COX-2 protein level, PGE 2 content, expression of EP2/4, and NMDA receptors in a mixed culture of hippocampal neurons and astroglial cells treated with SO 2 derivatives in the absence and presence of antioxidant agents, COX-2 inhibitors, EP2 and EP4 antagonists, PKA inhibitors, and NMDA receptor inhibitors. As indicated, SO 2 derivatives produced neuronal insult, and the effect was mediated by following pathway: free radical attack / elevating COX-2 expression / increasing release of PGE 2 and acting on EP2/EP4 receptors / activating cAMP/PKA pathway and enhancing probability of the release of glutamate / upregulating NMDA receptor expression.
Increasing evidence suggests that PGE 2 derived from the constitutive COX-2 may dynamically regulate basal synaptic transmission, whereas PGE 2 derived from the inducible COX-2 may contribute to activity-dependent synaptic plasticity, and, if COX-2 is over-expressed, to neurotoxicity (Sang et al., 2005) . Therefore, our findings reveal a mechanistic basis for exploring an association between SO 2 inhalation and increased risk for neurologic disorders and opening up therapeutic approaches of treating, ameliorating, or preventing brain injuries resulting from SO 2 exposure in atmospheric polluting environment.
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National Natural Science Foundation of P. R. China (NSFC, 20607013, 20877050, 20977060) ; Natural Science Foundation of Shanxi Province (2009011049-3, 2009011046, 20051043) group, DMSO and SO 2 group, and NS398 and SO 2 group. (c1) NS398 inhibited SO 2 -induced EP2/EP4 expression in rat hippocampus. (c2) Quantifications of EP2/ EP4 expression in hippocampus of rats exposed to vehicle control group, DMSO and SO 2 group, and NS398 and SO 2 group. (d) Quantifications of cAMP level in hippocampus of rats exposed to vehicle control group, DMSO and SO 2 group, and NS398 and SO 2 group. (e1) NS398 attenuated SO 2 upregulated NR2B receptor expression in rat hippocampus. (e2) Quantifications of NR2B receptor expression in hippocampus of rats exposed to vehicle control group, DMSO and SO 2 group, and NS398 and SO 2 group. (f1) NS398 inhibited SO 2 -induced cleavage of caspase-3 in rat hippocampus. (f2) Quantifications of cleavage of caspase-3 expression in hippocampus of rats exposed to vehicle control group, DMSO and SO 2 group, and NS398 and SO 2 group. Male Wistar rats were randomly divided into three equal groups of eight animals each. The first group (NS398 and SO 2 ) was ip injected with NS398 (3 mg/kg bw/day) and then exposed to SO 2 (14 mg/m 3 ) 1.5 h after injection for 6 h/day for 7 days. The second group (DMSO and SO 2 ) was ip injected with same amount of DMSO and then exposed to SO 2 using same protocol. The vehicle control group was ip injected with same amount of DMSO and then was placed in another identical chamber 1.5 h after injection, which was continually pumped with filtered air for the same period of time. Hippocampus was isolated, and COX-2 protein level, PGE 2 content, EP2/EP4 receptor expression, cAMP level, NMDA receptor expression (NR2B subunit), and activation of caspase-3 were determined. Value in each treated group was expressed as a fold increase compared with mean value in control group, which has been ascribed as an arbitrary value of 1. Data are expressed as means ± SE (n ¼ 8). Abbreviations: þ, with; À, without. *p <0.05, **p <0.01, ***p <0.001 Versus vehicle control group; #p < 0.05, ##p < 0.01, ###p < 0.001 Versus only DMSO & SO 2 group. 412 SANG ET AL.
